Background: Protein aggregates containing alpha-synuclein, beta-amyloid and hyperphosphorylated tau are commonly found during neurodegenerative processes which is often accompanied by the impairment of mitochondrial complex I respiratory chain and dysfunction of cellular systems of protein degradation. In view of this, we aimed to develop an in vitro model to study protein aggregation associated to neurodegenerative diseases using cultured cells from hippocampus, locus coeruleus and substantia nigra of newborn Lewis rats exposed to 0.5, 1, 10 and 25 nM of rotenone, which is an agricultural pesticide, for 48 hours. Results: We demonstrated that the proportion of cells in culture is approximately the same as found in the brain nuclei they were extracted from. Rotenone at 0.5 nM was able to induce alpha-synuclein and beta amyloid aggregation, as well as increased hyperphosphorylation of tau, although high concentrations of this pesticide (over 1 nM) lead cells to death before protein aggregation. We also demonstrated that the 14kDa isoform of alphasynuclein is not present in newborn Lewis rats. Conclusion: Rotenone exposure may lead to constitutive protein aggregation in vitro, which may be of relevance to study the mechanisms involved in idiopathic neurodegeneration.
Background
Intra and extracellular accumulation of protein aggregates distributed throughout the central nervous system are hallmarks of neurodegenerative diseases like Parkinson's (PD) and Alzheimer's (AD) [1] as well as are present in the senile brain [2] .
Intracellular insoluble inclusions containing the alphasynuclein protein, called Lewy bodies are commonly found in the brainstem, cerebellum, hypothalamus and autonomic nervous system of patients with PD, Lewy Body dementia, multiple system atrophy and other synucleinopathies [3] [4] [5] [6] [7] .
Extracellular deposition of beta-amyloid peptide, derived from the abnormal cleavage of amyloid precursor protein, and intracellular neurofibrillary tangles of hyperphosphorylated tau protein are features of the hippocampus, cerebellum, locus coeruleus and cerebral cortex [8] of healthy elderly individuals [9] and patients with AD and other senile dementias [10] .
Another common characteristic of neurodegenerative disorders is the impairment of mitochondrial complex I respiratory which may lead to in vivo protein aggregation [11] .
In view of this, the present study aims to develop a method of in vitro aggregation of alpha-synuclein, hyperphosphorylated tau and beta-amyloid in cultured cells from the hippocampus, substantia nigra and locus coeruleus using treatment with rotenone, which is a natural pesticide and specific inhibitor of mitochondrial NADH dehydrogenase within complex I of the respiratory chain leading to increase in oxidative stress possibly mimicking what occurs during the ageing process [12, 13] . The most characterized effects of rotenone is on mitochondrial complex I, however this compound is lipophilic being able to cross the cells membrane and to inhibit the proteasome [14] , promote dysfunction in GAPDH [15] and interact also with glial cells [16] .
Methods
All procedures were performed in accordance to the institutional committee for animal care of the School of Medicine, University of Sao Paulo (#0659/08).
Cell culture
Methodology employed for cell culture was a modification of the previously described protocol [17] . Briefly, neonatal Lewis rats had their brains dissected and the areas containing hippocampus, locus coeruleus and substantia nigra were excised. After dissection, blood and epithelial cells were removed in sterile cold solution consisting of NaCl 120 mM, KCl 5 mM, KH 2 PO 4 1.2 mM, MgSO 4 1.2 mM, NaHCO 3 25 mM, glucose 13 mM, pH 7.22. Subsequently, the tissues were cut into small pieces using a scissors and incubated with 0.05% trypsin (Gibco) at 37°C for 40 minutes in a water bath kept under agitation. Then, trypsin inhibitor (0.006%, Gibco) was added and the cells were mechanically dissociated using a Pasteur pipette, after the total decoupling the cell solution was centrifuged at 300 g for 5 minutes. The supernatant was discarded and cells were resuspended in Neurobasal A medium (Gibco) supplemented with Glutamax (Gibco) 0.25 mM, B27 (Gibco) 2%, L-Glutamine (Sigma) 0.25 mM and Gentamicin (Gibco) 40 mg/l. Cells were plated into either 8-well glass slides or 35 mm petri dishes (Nunc), at the concentration of 1800 cels/mm 2 . Plates were treated the day before with poly-D -lysine 10 μg/ml (Sigma), and with fetal bovine serum 10% (Gibco) for 2 hours before plating the cells to facilitate adhesion. Cultures were kept in a humidified incubator with 5% CO2 at 37°C for nine days. Culture medium was changed three hours after plating the cells and every three days of cultivation.
Cell culture characterization
Cell cultures were washed in PBS, fixed in 50% methanol and 50% acetone for 10 minutes at -20°C, permeabilized with PBS containing 0.2% Triton for 30 minutes at room temperature. Unspecific binding sites were blocked with PBS containing 2% NGS (Vector Laboratories), 0.2% Triton and 4% bovine serum albumin (BSA, Sigma) for 30 minutes at room temperature. Cells from substantia nigra and locus coeruleus were incubated with mouse polyclonal antibody against tyrosine hydroxylase (1/3000, Sigma) for 24 hours at 4°C, followed by incubation with anti-mouse immunoglobulin conjugated to FITC (Jackson, 1/120) for 45 minutes at room temperature protected from light. Hippocampal cultures were subjected to MAP2 immunolabeling (1/1000, Sigma) also at 4°C overnight followed by incubation with FITC-conjugated secondary antibody in order to identify the neurons present in cultures.
The slides were mounted with mounting medium containing DAPI (4',6-diamidino-2-phenylindole, Vector Laboratories) to visualize cell nuclei. Immunolabeled cells were analyzed using a fluorescence microscope (Zeiss) equipped with appropriated filters using a 40× lens. Quantification was done by comparing images taken of 16 fields of culture plate using filters to visualize the label generated by FITC and DAPI. Cell culture characterization was repeated twice.
Exposure to Rotenone
Rotenone (Sigma, USA) was prepared with DMSO (Sigma, USA) (stock solution of 1 mM) and diluted in culture medium applied to cell cultures from hippocampus, locus coeruleus and substantia nigra in concentrations of 0.5, 1, 10 and 25 nM for 48 hours. Control groups were exposed to less than 0.01% DMSO diluted in culture medium. Cells were then subjected to trypan blue staining in order to identify cell death; to immunocytochemistry for identification of protein aggregates containing hyperphosphorylated tau, alpha-synuclein and beta-amyloid; and protein extraction for western blot experiments.
Analysis of cell death
After exposure to rotenone, 10 μl of trypan blue stain solution (Gibco) which stains in blue the cytoplasm of cells with damaged plasma membrane, were added to the culture medium of cells. Immediately after the addition of trypan blue, the cells were examined under a microscope (Olympus) using an objective of 40× (400× magnification) and photographed to detect stained cells.
Identification of protein aggregates through immunocytochemistry
Cell cultures were fixed as described above and incubated for 24 hours at 4°C with either a mouse polyclonal antiserum against alpha-synuclein (Abcam, 4D6, Ab1903), or rabbit polyclonal antiserum against hyperphosphorylated tau (Sigma, Ser 199/202, T6819) or beta amyloid peptide (Abcam, Ab14220), the three antibodies were diluted 1/1000 in PBS containing 0.3% Triton X-100 (Sigma) and 0.5% BSA (Sigma). Cells were washed in PBS and incubated with biotinylated goat anti-rabbit or anti-mouse immunoglobulin both diluted 1/200 (Vector, USA) for 2 hours at room temperature. Cells were washed in PBS and incubated with an avidin-biotin peroxidase complex (both diluted 1/120, Vectastain, Vector) for 2 hours. Immunoreactivity was visualized after 10 minutes of reaction with 3-3'-diaminobenzidine tetrahydrochloride (DAB, Sigma) as a chromogen and H 2 O 2 (0.01%, v/v, Sigma).
The occupied area (μm 2 ) of beta amyloid peptide immunoreactivity in the hippocampus cultures was calculated by means of a KS 400 image analyzer (Kontron, Zeiss, Germany) linked to a CCD 72 camera (Dage; MTI, Michigan City, Ind, USA) mounted on a Zeiss microscope (40× objective). Nine randomly chosen fields were considered for the quantification. The procedures have been described in detail elsewhere [18] .
Western blot analysis of protein aggregation
Cultured cells were homogenized in PBS, pH 7.4, containing 1% NP40, 0.5% sodium deoxycholate, 1%SDS, 1 mM EDTA, 1 mM EGTA and 1% protease inhibitor cocktail (Sigma). After centrifugation at 14000 rpm for 20 minutes, the resulting supernatant was fractionated by SDS-PAGE (10 μg of protein/lane) using a 12% trisHCl gel at 100V for 1 h. Proteins were transferred to nitrocellulose membrane for 1 h at 100V.
Blots were incubated in blocking solution containing 5% milk/TBS-T during 1 h at room temperature followed by incubation with primary antibodies against alpha-synuclein (Abcam, 4D6, Ab1903) or hyperphosphorylated tau (Sigma, Ser 199/202, T6819) both were diluted 1/1000 in solution containing 3% milk/TBS-T, overnight at 4°C.
Horseradish peroxidase-conjugated secondary antibody incubations were performed at room temperature for 1 h with antibody anti-mouse 1/6000 (Amersham) or anti-rabbit 1/10000 (Amersham).
Development was done after 5-minute incubation with enhanced chemiluminescence reagent (Millipore) and exposure of membranes to ECL sensitive films (Hyperfilm ECL, Amersham Biosciences). After development, blots were incubated with anti-beta-actin antibody 1/1000 (Santa cruz, C4, sc-47778) during 1 h at room temperature, followed by horseradish peroxidase conjugated secondary antibody anti-mouse (Amersham) diluted 1/6000 for 1 hour also at room temperature and developed as previously described.
Density normalization was done by dividing the density of the bands relative to proteins of interest by beta-actin value. Films were quantified by optical densitometry using a system of image analysis (Imaging Research Inc., Canada, model M4/SK/ALU).
All the analyses were made using protein samples from control and treated cells that were fractionated in a same gel and transferred to a single membrane which was incubated with the antibody solution.
The presence of alpha-synuclein isoforms was confirmed in neonate and adult (6 months old) Wistar and Lewis rats. This was performed because the isoform of 14kDa did not appear in cultured cells from Lewis newborn rats. To this end, rats were euthanized and had their brains excised instantly to protein extraction of substantia nigra which was subjected to the same western blot method described previously for cell culture. In addition to the antibody from Abcam, an immunoglobulin against alfa-synuclein from Santa Cruz Biotechnology (1/500; cat. 7011R) was employed to confirm the pattern of isoforms present in neonates and adults. An assay of adsorption was performed by adding specific blocking peptide (1/100, Santa Cruz; cat. 7011P) to the solution containing the antibodies to confirm their specificity.
All the antibodies used in the present study were tested for specificity. In the case of immunocytochemistry it was done by incubating the sections with the secondary antibody only, and for western blot the control of specificity was tested in the presence of the blocking peptide. Furthermore, the antibodies are commercially available, their specificity are warranted by the manufacturer as well as they have been tested by other authors [19] [20] [21] .
Statistical analysis
Results were analyzed by unpaired Student's T test accessed through GraphPad Prism (GraphPad Software Inc., version 4.00, CA). A p-value ≤ 0.05 was considered to indicate statistically significant differences. Data are expressed as mean ± standard deviation (SD).
Results

Cell culture characterization
Quantification of cell cultures from the locus coeruleus and substantia nigra showed that 53% and 44%, respectively, of these cells expressed the enzyme tyrosine hydroxylase, essential for the synthesis of catecholamines (Table 1) . Hippocampal cultures presented 53% of neurons labeled by MAP2 antibody (Table 1) . This reveals that the cultures were suitable for studying substantia nigra, locus coeruleus and hippocampus cells.
Effect of Rotenone on cell viability
Rotenone promoted cell death in a dose-dependent manner in cultures of hippocampus, substantia nigra and locus coeruleus. Rotenone at 0.5 nM seems not to be toxic to the hippocampal cells ( Figure 1A ). Incubation with 1 nM of rotenone during 48 h stained a few cells in blue ( Figure 1B ), however 10 nM of rotenone promoted a massive cell staining with trypan blue ( Figure 1C ). Cell cultures from substantia nigra and locus coeruleus exhibited the same pattern of sensitivity of hippocampal cells (data not shown). 
Presence of alpha-synuclein isoforms in newborn Lewis rats
The presence of alpha-synuclein isoforms was analyzed in newborn and adult Wistar and Lewis rats because during pilot experiments the 14 kDa isoform never appeared in cultured cells from newborn Lewis rats. Figure 2A shows the pattern of isoforms labeling in newborn and adult rats from Wistar and Lewis strains using the antibody from Abcam. This confirms the absence of 14 kDa isoform in neonate Lewis rats and its presence in neonatal Wistar and adult rats of both strains. The isoforms of 40 kDa and 90 kDa are present in all ages and strains. Adult rats showed an additional band of 34 kDa (Figure 2A) . The same pattern of alpha-synuclein isoforms labeling was observed in neonate and adult rats when the antibody from santa cruz was employed ( Figure 2B ). The specificity of antibodies was demonstrated by the absence of labeling when incubating the antibodies with blocking peptide ( Figure 2C ).
Alpha-synuclein protein aggregates
Immunocytochemical staining using anti-alpha-synuclein antibody revealed that rotenone at 0.5 nM or 1 nM promoted aggregation of alpha-synuclein in cell bodies and extensions of the locus coeruleus and hippocampus as compared to DMSO-exposed cells (Figure 3 ). Besides the protein aggregation, exposure of hippocampal cells to 1 nM of rotenone promoted apparent retraction of neuronal processes as well as reduced the total number of cells.
Western blot experiments were conducted to confirm and quantify alpha-synuclein aggregation in substantia nigra cells. In that assay there were two specific bands corresponding to alpha-synuclein one of 90 kDa and another of 40 kDa, which were up-regulated by 25% and 400%, respectively, following 0.5 nM of rotenone as compared to DMSO-exposed cells (Figure 4) .
Hyperphosphorylation of tau
Cells from the hippocampus were stained with antihyperphosphorylated tau antibody demonstrated that 0.5 nM of rotenone also promotes increase in hyperphosphorylation of tau protein in cell body and extensions ( Figure 5 ). Densitometric analysis of the immunoblots corroborate with immunocytochemical experiments showing that isoforms of hiperphosphorylated tau of 52 and 130 kDa increase their expression demonstrating possibly the hyperphosphorylated tau in hippocampal cells culture after exposure to 0.5 nM of rotenone for 48 hours ( Figure 6 ). The 230 kDa isoform showed an unexpected significant decrease in expression, which may reveal that, at this level of hyperphosphorylation, tau is not aggregated yet.
Identification of beta-amyloid protein aggregates
The analysis of beta-amyloid aggregation was done by immunocytochemistry which demonstrates that the exposure to 1 nM of rotenone was effective in developing protein aggregates containing that peptide as compared to cells exposed to DMSO (Figures 7A and 7B ). Higher concentrations of rotenone (10 and 25 nM) Figure 5 Increased hyperphosphorylation of tau after rotenone exposure. Photomicrographs illustrating the immunoreactivity of hyperphosphorylated tau in cultured cells of hipoccampus exposed to DMSO (A) or 0.5 nM of rotenone (B) for 48 hours. Arrows indicate sites of hyperphosphorylated tau, possibly aggregated, distributed throughout cytoplasm and neurites. Scale bar = 50 μm.
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promoted nuclear retraction and fragmentation, as well as decrease in cell extensions ( Figures 7C and 7D ) demonstrating that high concentrations of the pesticide probably leads cells to death before the aggregation of beta-amyloid.
Quantification of area occupied by beta-amyloid imunopositive aggregates showed a significant increase after exposure to 0.5 nM of rotenone for 48 hours (13.12 ± 1.12) as compared to the control (2.39 ± 0.43) (Figure 8 ).
Discussion
To our knowledge this is the first report of in vitro protein aggregation promoted by the inhibition of mitochondrial respiratory chain complex I, these findings are of special interest for studying proteins involved in neurodegeneration such as alpha-synuclein, hyperphosphorylated tau and beta-amyloid.
High concentrations of rotenone (over 1 nM) lead to cell death prior to protein aggregation as demonstrated by trypan blue stain and amyloid beta immunocytochemistry independently of the region studied. Rotenone is an inhibitory drug of the mitochondrial respiratory chain complex I. However, low concentration of this compound (0.5 and 1 nM) is able to promote constitutive protein aggregation.
Many studies have employed in vivo and in vitro models to evaluate the neurodegeneration process. These models of neurodegeneration may involve the use of drugs such as 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone [22] , or overexpression of mutant genes in rats, mice and cell lineages [23] [24] [25] [26] . Although these models are relevant to understand some aspects involved neurodegeneration, there is still lack of information about the events that cause constitutive protein aggregation and its role during the neurodegenerative processes. Recently De-Paula and colleagues [27] described that the inhibition of phospholipase A2 led to hyperphosphorylation of tau in primary cell culture, but the aggregation of other proteins such as alpha-synuclein and beta amyloid was not analyzed.
The use of primary cell culture, including neurons and glia, approximates the in vitro model and the physiological situation encountered in the brain. Recent evidences showed that dopaminergic death may be preceded by glial disfunction [28, 29] , as well as the interaction between neurons and astrocytes is of relevance to the course of neurodegeneration [30] . In view of this, we believe that the model using neurons and glial cells are more related to the real neuropathology than studying purified cell cultures.
The present study demonstrate that there is protein aggregation in condition of mitochondrial stress and proteasome inhibition which is a common feature encountered during aging [31] . Thus, our model has some advantages over the genetic and transfection models since the aggregation is mainly sporadic and formed by constitutive proteins, similar to what occurs during ageing and neurodegeneration.
To validate our study we performed an assay to characterize the presence of alpha-synuclein in neonatal and adult rats. In this study we demonstrated that the isoform of 14 kDa of alpha-synuclein, which is the most studied isoform of this protein, is not present in neonatal Lewis rats but is expressed in the adult age. Since cultures were made using newborn Lewis rats there was not label of the 14 kDa isoform alpha-synuclein in aggregation studies. The use of Lewis rats in our experiments was important because of their exclusive susceptibility to form protein aggregates after treatment with rotenone in in vivo experiments [32, 33] .
Rotenone was able to induce alpha-synuclein aggregation, which is of interest for studying neurodegeneration associated to protein aggregation. Not only the aggregation itself is related to neurodegeneration, the imbalance of neurotransmission may trigger neurodegenerative mechanisms, evidences indicate that alpha-synuclein is encountered in association with the presynaptic vesicle pool [34] and the aberrant association between alphasynuclein and rab proteins [35] may be of relevance in the study of cellular stress that leads to neurodegenarative disorders.
Hyperphosphorylation of tau protein is a condition that disrupts the intracellular trafficking impairing neurotransmission in association with formation of intracellular inclusion of paired helical filaments. In the present study we demonstrated that rotenone may be involved in hyperphosphorylation of tau protein as demonstrated by the increase in optical density of 52 kDa subunit. The fraction of 130 kDa is increased in rotenone-treated cells demonstrating a possible mechanism of aggregation that occurs in low concentrations of rotenone. The 130 kDa band may correspond to small aggregates (dimerization/trimerization) of hyperphosphorylated tau, as previously demonstrated [36, 37] .The presence of tau hyperphosphorylated in control groups is apparently normal in neonatal rats and has been described by Goedert and colleagues [38] .
Beta-amyloid plaques were found in cells from hippocampus after incubation during 48 h with rotenone. High concentrations of the drug is toxic leading to cell death before protein aggregation, which is devoid to the high toxicity. Furthermore, endogenous increase of amyloid beta peptide production preceeds hyperphosphorylation of tau [39] , which may be of interest to evaluate the mechanism of protein aggregation.
Besides the well known effects of rotenone in inhibiting mitochondrial complex I, the pesticide is also able to impair protein degradation by interfering with the ubiquitin-proteasome-system [40] , in view of this the aggregation seen in the present study may be also in response to the deficit of the cellular systems of protein degradation in addition to the increase in oxidative stress. Actually Branco and co-workers demonstrated the cross-talk between mitochondria and proteasome during the pathogenesis of Parkinson's disease [41] . The effect of rotenone over the impairment of the proteasome is being conducted as a parallel study in our laboratory.
Conclusions
In conclusion this study demonstrated a new method to study constitutive protein aggregation in vitro by the exposure of neonatal cultured cells of Lewis rats to low concentrations of rotenone, which may be of relevance to understand the mechanisms that lead to idiopathic neurodegeneration.
